To compare the morphologic and functional recovery of the retina after detachment and reattachment in an animal with a cone-dominant retina, the ground squirrel. METHODS. Ground squirrel (Spermophilus beecheyi) retinas were detached for 1 day and reattached for 7, 35, or 96 days (n ϭ 2, each time point). Flicker ERGs were recorded 1 day after the detachment and at various times after reattachment. Contrast-response functions were measured for isochromatic modulation and for selective modulation of short-wavelength-sensitive (S) and middle-wavelength-sensitive (M) cones. At the end of the experiment, retinas were prepared for light microscopy or immunocytochemical staining with antibodies to rod opsin, S and M cone opsins, cytochrome oxidase, synaptophysin, glial fibrillary acidic protein (GFAP), cellular retinaldehyde-binding protein (CRALBP), interphotoreceptor-binding protein (IRBP), and peanut agglutinin lectin (PNA). Photoreceptor density maps were created from wholemount preparations labeled with biotinylated PNA and anti-S cone opsin. Cell counts of photoreceptor nuclei and cone outer segments (OS) were compared with flicker ERG data. Cell death was examined by the TUNEL method. RESULTS. Reattachment stopped photoreceptor cell death and reversed the disruption of interphotoreceptor matrix as well as the redistribution of Müller cell proteins. It also activated some astrocytes based on anti-GFAP staining. S-and M-cone OS showed a gradual recovery in length after reattachment, and this recovery continued to the longest time points examined. ERG contrast gains also recovered after reattachment, but these reached asymptotic levels by approximately a week after reattachment. There were significant correlations between outer nuclear layer (ONL) cell counts and ERG contrast gains. No differences were noted in the indices of recovery of M and S cones. CONCLUSIONS. The ERG can be used to follow specifically the changes in the retina that occur after retinal detachment and reattachment. (Invest Ophthalmol Vis Sci. 2003;44:416 -425) 
I
t has been suggested that retinal detachment has a greater morphologic impact on cones than on rods, 1 and it has been demonstrated in human patients that macular detachment has more severe consequences for visual outcome than does peripheral detachment. [2] [3] [4] [5] [6] These studies suggest that visual dysfunction and specific color vision defects may persist when the macula is involved, even though anatomic reattachment is successful. Tritan color vision defects occur frequently, suggesting that there is an enhanced susceptibility of S cones and/or of the S-cone signaling pathways. [7] [8] [9] Recent clinical studies have demonstrated that cone photopigments show a slow recovery after reattachment and that visual acuity supported by the reattached retina may continue to improve over the long term. 10, 11 The recovery processes of cones and conebased vision after retinal reattachment in humans remains poorly understood. Examining the detailed properties of cones after reattachment requires the study of animal models in which detachment and reattachment times can be determined precisely and in which detailed cellular studies can be performed in concert with electroretinogram (ERG) recordings. Studies of cats and rabbits have been valuable, but their disadvantage is that these species have only a modest number of cones widely scattered across the retina. 1, [12] [13] [14] In this study, we used a detachment-reattachment model developed by using the cone-dominant ground squirrel retina. Many studies have shown that this species provides an excellent model for studying cones and cone vision. [15] [16] [17] [18] [19] [20] [21] [22] Recent animal studies examining the rescue of photoreceptor cells have mainly focused on the rescue of rods. [23] [24] [25] [26] [27] This is due, at least in part, to the interest in retinitis pigmentosa (RP), in which cell death occurs in rod photoreceptors early in the disease. Although cone cell death appears to be a secondary event in RP, rescuing cones is critical for visual function in retinal disease, including RP, age-related macular degeneration (AMD), and retinal detachment. In previous studies, histopathology and electrophysiology have both been used as means to assess rescue of photoreceptors in animal models. 25, 26 Therefore, in the present study, we used both assays to assess the recovery of cones after damage caused by retinal detachment.
MATERIAL AND METHODS
All experimental procedures were designed to conform to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and to protocols approved by the Institutional Animal Care and Use Committee of the University of California Santa Barbara.
Retinal Detachments and Reattachments
Retinal detachments were created in the right eyes of adult California ground squirrels (Spermophilus beecheyi) of both sexes by infusing a balanced salt solution (BSS; Alcon, Ft. Worth, TX) slowly between the neural retina and the retinal pigment epithelium through a glass micropipette. The position and the size of each detachment were recorded at the end of each surgery. One day after the detachment, reattachments were performed by the injection of 20% sulfur hexafluoride (SF6) in filtered room air into the vitreous cavity. Intraocular pressure, before and after the gas injection, was controlled by tapping the anterior chamber with a 30-gauge needle. Successful reattachment was confirmed at the time of death by observation of the retina through a dissecting microscope. Control eyes and eyes injected with 20% SF6 in room air were used as the control (n ϭ 2 for each).
Tissue Preparation
Seven, 35, and 96 days (n ϭ 2, each time point) after reattachment surgery, the animals were killed with an overdose of pentobarbital sodium (120 mg/kg), and the eyes were enucleated and immersion fixed for 10 minutes in 4% paraformaldehyde in sodium cacodylate buffer (0.1 N; pH 7.4). The cornea and lens were then removed, and the eyecup was cut in half. One half of the eye was stored in the fixative solution. From this sample, small areas of retina were excised and embedded in low-melting-point agarose for immunocytochemical analysis by confocal microscopy. The other half was immersion fixed in 1% glutaraldehyde and 1% paraformaldehyde in sodium phosphate buffer (0.086 M; pH 7.3) overnight at 4°C for high-resolution transmitted light or ultrastructural analysis. The tissue was then fixed in phosphatebuffered osmium tetroxide (2%) for 1 hour and embedded in Spurr resin.
Immunocytochemistry
For confocal analysis, 100-m-thick agarose-embedded sections were cut on a microtome (Vibratome; Technical Products International, Polysciences, Warrington, PA) and blocked overnight at 4°C in normal donkey serum (1:20) containing 0.1 M phosphate-buffered saline (PBS), 0.5% bovine serum albumin (BSA; Fisher Scientific, Pittsburgh, PA), 0.1% Triton X-100 (Roche Molecular Biochemicals, Indianapolis, IN), and 0.1% sodium azide (Sigma, St. Louis, MO), together referred to as PBTA. The next day, the sections were incubated in primary antibodies overnight at 4°C on a rotator. The sections were then rinsed in PBTA and incubated in donkey anti-mouse or anti-rabbit IgG conjugated to the fluorochrome Cy2, Cy3, or Cy5 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) overnight at 4°C on a rotator. Finally, the sections were mounted in 5% n-propyl gallate in glycerol and viewed on a laser scanning confocal microscope (model 1024; Bio-Rad, Hercules, CA). All antibody solutions were made in PBTA.
The primary antibodies used in this study were a mouse monoclonal antibody to rod opsin (Rho4D2, 1:50; provided by Robert Molday, University of British Columbia, Vancouver, British Columbia, Canada), two rabbit polyclonal antisera to short wavelength-sensitive (S) and medium/long wavelength-sensitive (M/L) cone opsins (JH455 and JH492, both 1:1,000; provided by Jeremy Nathans, The Johns Hopkins Medical School, Baltimore, MD), two mouse monoclonal antibodies to S and M/L cone opsins (OS-2 and COS-1, 1:10,000 and 1:1,000, respectively; provided by Ágoston Szél, Budapest, Hungary), a mouse monoclonal antibody to cytochrome oxidase (1 g/mL; Molecular Probes, Eugene, OR), a rabbit polyclonal antibody to synaptophysin (1:100; Dako, Carpinteria, CA), a rabbit polyclonal antibody to glial fibrillary acidic protein (GFAP, 1:400; Dako), and a rabbit polyclonal antiserum to cellular retinaldehyde binding protein (CRALBP, 1:400) and a mouse monoclonal antibody to interphotoreceptor retinoid-binding protein (IRBP, 1:400; both provided by John Saari, University of Washington, Seattle, WA). In addition, some sections were stained with biotinylated peanut agglutinin (PNA) lectin (400 g/mL; Vector Laboratories, Burlingame, CA). Outer segment lengths were measured from confocal images of sections stained with opsin antibodies with image-analysis software (ImageTool; http://ddsdx.uthscsa.edu/dig/itdesc.html, provided in the public domain by University of Texas Health Science Center, San Antonio, TX). Sampling areas were determined on the basis of the detachment map. The region of retina containing the highest detachment was used for comparison between different time points.
Light Microscopic Analysis
For light microscopy, two different eyes for each time point were embedded in resin, divided into four regions extending from superior to inferior retina, sectioned at 1 m, and stained with toluidine blue. Outer nuclear layer (ONL) cell counts from the entire retinal section were summed and the numbers normalized to cells per millimeter.
Retinal Wholemount Immunocytochemistry
Four eyes (one normal eye and three eyes with 1-day detached/35-day reattached retinas) were used to prepare retinal wholemounts. After the eyes were fixed, the cornea and lens were removed, and the retinas were carefully dissected from the eyecup and divided into quadrants by using the optic nerve head as a landmark. In fixed ground squirrel retinas, the retinal pigment epithelium (RPE) adheres firmly to the photoreceptor outer segments (OS) and cannot be removed without causing damage to the photoreceptors. To visualize the retina more clearly, the pigment granules in the RPE were bleached by incubating the retina for 1.5 hours into a solution of 10% H 2 O 2 in PBS with 1 drop of a 29% ammonia solution per 10 mL. 28 After bleaching, the tissue was thoroughly washed in PBS. Retinal wholemount immunocytochemistry was then performed by first incubating the retinas with blocking solution for 6 hours and then staining with PNA (which stains all cones) and anti-S opsin (both 1:100,000) for 3 days. After the incubation, specimens were washed in PBTA and then incubated in a mixture of streptavidin-Cy3 and anti-rabbit IgG conjugated to the fluorochrome Cy2. The flatmounts were rinsed in PBTA and mounted in 5% n-propyl gallate in glycerol with the photoreceptor side up.
The wholemounted retinas were sampled along the vertical meridian at 1-or 2-mm intervals. At each of the selected retinal locations, confocal micrographs were taken with a 60ϫ oil-immersion objective lens. The number of anti-S cone opsin and PNA-labeled cones were counted in fields 181.2 ϫ 181.2-m from confocal images either manually or automatically, using the image-analysis software (Image Tool). The number of M cones was obtained by subtraction of anti-S opsinstained cells from those stained with PNA. These local densities were converted to cones per square millimeter at their respective positions on the wholemounted quadrant. Isodensity contours were fitted to the data and coded by a gray scale so that regions of highest density were black, with areas of decreasing density appearing in increasingly lighter shades of gray. The total number of cells was calculated by multiplying the mean density of each data point on the retina.
ERG Measurements
ERG measurements were made by using procedures that have been fully described. 22 In brief, ground squirrels were anesthetized with an injection of a mixture of ketamine (70 mg/kg) and xylazine (9 mg/kg), and the pupil of the test eye was dilated by topical application of atropine sulfate (0.04%) and phenylephrine hydrochloride (10%). The squirrel was positioned on a heating pad in a head holder. ERGs were differentially recorded with bipolar contact lens electrodes. A ground electrode was placed in the mouth. All recordings were made in an illuminated room (illuminance at the test eye was 150 lux). The recordings were performed in each animal at least 1 week before the detachment, 1 day after the detachment (just before the reattachment), and at various time points after the reattachment.
The stimulus was a spatially uniform field (116°ϫ 101°), squarewave modulated at a rate of 37.5 Hz. Based on earlier measurements of the absorption properties of the two cone pigments in this species, the stimuli were designed to modulate the contrast seen by either the S or M cones or both of them together (isochromatic). 22 Two advantages of this stimulus arrangement are that the subject is held in a constant state of chromatic adaptation because the time-averaged luminance and chromaticity do not vary, and the use of cone-isolating stimuli allows discrimination of signals from single cone classes, an end that cannot be reliably accomplished with monochromatic or any other filterproduced spectral stimuli. Stimuli were generated on a computercontrolled color monitor (average luminance, 50 cd/m 2 ; Intellicolor 20-in. monitor, model 0461; Radius, San Jose, CA). The refresh rate of the monitor was 75 Hz. The experimental control software was written in a commercially available program (MatLab; The Mathworks, Natick, MA; using the extensions provided by high-level Psychophysics Toolbox and low-level Video Toolbox. 29, 30 ) Analog hardware was used to window the amplified ERG signal with a sinusoid set to the fundamental frequency of the stimulus (37.5 Hz). This response was averaged over 50 stimulus presentations at each stimulus contrast, and five such averages were compiled at any given stimulus contrast. For each direction of modulation (i.e., S, M, isochromatic) we varied stimulus contrast from the highest obtainable (60% to 70%, depending on the direction of modulation) down to contrasts that led to minimal ERG responses (1% and less).
RESULTS

Cone Recovery after Reattachment
After retinal detachment, the onset of degenerative changes in the ground squirrel retina is quite rapid. In this retina the JH492 antiserum to M/L cone opsin labels both S and M cones. 31 Therefore, we used the mouse monoclonal OS-2 antibody to S opsin, in a series of double-labeling experiments with the JH492 antibody, to compare simultaneously the OS regenerative capacity of the individual cone classes after reattachment (Figs. 1A, 1B). The results revealed similar trends in OS regeneration in the two cone classes (Figs. 1C, 1D ).
Moreover, M-and S-cone OS length measurements show that the OS, which were shortened by detachment, recovered progressively after reattachment (Fig. 2C) . At 96 days after reattachment, both M-and S-cone OS had reached approximately 70% of their normal lengths.
In the ground squirrel, the amplitude of the flicker ERG increases linearly with increasing contrast. Figure 2A shows the average M-cone contrast-response function obtained from a large sample (n ϭ 40) of normal ground squirrels. The slope of the fitted line defines contrast gain for this condition. The variation across subjects was relatively small. Responses obtained from S-cone isolation exhibited a similar relationship but with a much lower contrast gain, presumably reflecting the great disparity in the relative numbers of M and S cones in the ground squirrel retina. 31 Retinal detachment reduces the amplitude of the ERG and lowers contrast gain. Figure 2A illustrates this fact with results obtained from six animals 24 hours after retinal detachment. Figure 2B plots the contrast gains as a percentage of their predetachment levels at 24 hours after detachment and then at three time points after reattachment. As explained, detachment reduces contrast gain: In these six animals the M-cone contrast gain was approximately 32% of the normal, whereas the same detachment yielded an S-cone contrast gain that was approximately 53% of normal. Seven days after reattachment contrast gain had increased for both S and M cones (Fig. 2B) . Beyond that point and up to more than 3 months, there were no clearly consistent changes in contrast gain for either cone class in this sample. For these animals the asymptotic values averaged approximately 59% of normal for the M cone and approximately 79% for the S cones. The two important outcomes of this experiment are that recovery as indexed by the ERG seemed nearly complete at approximately 1 week after reattachment and that there was no indication of a difference in the recovery of ERGs from isolated S and M cones.
Correlations between Photoreceptor Histology and Electrophysiology
In earlier experiments on the ground squirrel, we found that the magnitude of the loss of ERG signal engendered by detachment was proportional to the total number of photoreceptors in the region of the detachment. 22 To examine this relationship in the reattached retina we compared the ERGs recorded from five squirrels (four taken from the previous experiment and an additional animal) to cell counts in the ONL. Because there were regional differences in the extent of photoreceptor degeneration after detachment and reattachment ONL cell counts were summed along a strip of tissue running vertically across the retina, so as to bisect the detachment zone (as illustrated in 3A ). These counts were obtained from a control animal and from the five experimental animals. So estimated, ONL cell counts covered a range from approximately 50% of the normal to a value actually slightly greater than that obtained from the control (Fig. 3B) . Because the identity of the cone types could not be ascertained in these counts, they are most appropriately compared with contrast gain values obtained for isochromatic modulation. As can be seen in Fig. 3B , these two measures were linearly related-that is, the greater the number of ONL cells in these reattached retinas the higher the ERG contrast gain.
In the sectioned material it was difficult to obtain an overview of the effect of detachment-reattachment on the photoreceptor cells. Therefore, we prepared wholemounts of samples from a control animal and four animals with 1-day detached/35-day reattached retinas. In this group of animals, an attempt was made to produce detachments of similar sizes and locations. All cone OS were labeled with the lectin PNA and the S cones with the antibody to S cone opsin. The number of M cones was determined by subtraction of anti-S cone-from PNA-stained cells. Figure 4 demonstrates the density maps of M-and S-cone populations from control ( Fig. 4A ) and reattached retinas (Figs. 4B-D) . The control retina contained a total of approximately 6.7 million cones, a value similar to that previously reported for this species. 31 The map of M cones from this retina shows clearly an area of highest density that defines a horizontally oriented visual streak. In contrast, S-cone density in the control retina was flat across most of the retina, also as shown previously. 31 The M cone maps of the reattached retinas from three different eyes displayed similar patterns. In each case they had a continued disruption of the normal pattern with "holes" in the inferior retina. Although some variation occurred, there was remarkable consistency in the appearance of the gradients around these holes in cone density in the inferior retina. S-cone maps of reattached retina showed the lowest-density areas to be located in the inferior retina, consistent with the holes observed on M-cone maps. Figure 5 compares the cell counts and ERG data obtained from these three animals with those of the control. There were no significant differences between the contrast gain values and photoreceptor cell counts for either the S-cone (t ϭ 0.928; df ϭ 2; NS) or the M-cone (t ϭ 0.781; df ϭ 2; NS) comparisons. In short, both this experiment and the previous one show that in the reattached retina there was a predictive relationship between the total number of viable photoreceptors and cone ERG contrast gains. Significantly, this relationship did not appear to differ for S and M cones (F ϭ 0.174; df ϭ 1, 2; NS).
Cone Cell Death
To examine cone cell death in detached and reattached retinas, double-labeling experiments with TUNEL and the anti-M/L cone opsin were performed (Fig. 6 ). In the 1-day detachments, TUNEL-positive cells were observed in the ONL and cones showed disruption of inner segment (IS) and OS and redistribution of opsin to the inner segment and cell body-all characteristic signs of photoreceptor degeneration (Fig. 6B) . One striking observation was that most of the TUNEL-positive cells were double labeled with the antibodies to anti-M/L cone opsin. These data are consistent with our previous data in this species showing that cones appear to be more vulnerable to the effect of the detachment than rods. 32 In the 7-and 35-day reattachments, TUNEL labeling in the ONL was increasingly rare as the cone OS regenerated (Figs. 6C, 6D ).
Photoreceptor Mitochondria and Synaptic Terminals
In control retina, immunocytochemical labeling of the outer retina with the antibody to cytochrome oxidase occurred mainly in the IS of photoreceptor cells (Fig. 6E) . At 1 day after detachment, the IS was disrupted and shortened and the cyto- A-D, left) . In control retina, the peak density area was below the optic nerve head. It was in this area that the detachments generally occurred. The numbers indicate that cone outer segment recovery was still incomplete after 35 days of reattachment. The density map for S-cone photoreceptors was identified with JH455 antiserum (A-D, right) . The lowest density area of S cones in reattached retinas was consistent with that of M cones. T, temporal; S, superior. Bar, 5 mm. chrome oxidase staining was reduced (Fig. 6F) . After 7-days of reattachment, the labeling pattern did not substantially change, but the IS appeared to elongate (Fig. 6G) . A more normal pattern of labeling was present in the 35-day reattached retinas, although the intensity of labeling with individual cells always appeared less than normal (Fig. 6H) . The Müller cell labeling appeared to increase in intensity and then decrease again in the long-term reattachments.
Anti-synaptophysin labeled the synaptic terminals of rods and cones in the outer plexiform layer (OPL; Fig. 6E ). In detached retinas there was a decrease in both the labeling intensity and the number of labeled terminals within the OPL (Fig. 6F) . Labeling also occurred outside the synaptic layer within the photoreceptor cells. In 7-and 35-day reattached retinas, anti-synaptophysin labeling in the OPL recovered its intensity, and the number of labeled terminals in the OPL increased over those in the 1-day detachment, although significant gaps in the row of terminals continued to be present (Figs. 6G, 6H) .
Glial, Rod, and Matrix Responses
Astrocytes were labeled with anti-GFAP in both control and detached retinas, but there was no labeling in Müller cells (Figs. 7A, 7B, 7F, 7G ). Little change was observed at 1 day of detachment; however, after reattachment, the labeling was greatly increased in astrocytes. This is shown in sections taken en face (Figs. 7C-E) as well as radially (Figs. 7H-M) . In some radial sections, labeled processes were observed originating from astrocyte cell bodies extending through the ONL (Figs.  7K, 7 L) , indicating that most of the upregulation in GFAP was within astrocytes rather than Müller cells.
Labeling with rod opsin in control retina was restricted to the rod OS. At 1 day of detachment, rod opsin labeling was present in the truncated OS and became redistributed to the inner segment and cell body (Fig. 7G) . This pattern gradually returned to a more normal appearance after reattachment, although some opsin labeling could still be observed in the cell bodies at 35 and 90 days after reattachment (Figs. 7I, 7J) . Occasionally, we also observed rod axon outgrowth into the inner retina after reattachment (Fig. 7I) .
Immunolabeling with the antibody to CRALBP occurred throughout the Müller cell and RPE cytoplasm in the control retinas (Fig 7N) . After detachment for 1 day, the signal increased in Müller cell processes, especially in the ONL (Fig.  7O) . After reattachment, the distribution of the CRALBP labeling became more similar to that in control retinas (Figs. 7P, 7Q, 7R) .
Biotinylated-PNA bound to the cone sheaths in normal retina (Fig. 7N ) and became severely disrupted at 1 day after detachment (Fig. 7O) . After reattachment the labeling returned as OS grew in length (Figs. 7P-R) , although it still did not appear normal at 90 days of reattachment.
To further examine the relationship between Müller cells, cones, and the RPE in reattached retinas, we performed double-labeling experiments with biotinylated PNA and anti-CRALBP on sections that contained regions of normal, nondetached retina (i.e., attached; Fig. 7S, left) , a transition zone, and a 1-day detached and 35-day reattached zone (Fig. 7S; right) . A a gradual recovery (C, D) . The reduction of anti-cytochrome oxidase in photoreceptor IS and antisynaptophysin labeling in the synaptic terminals induced by the detachment (F) returned to normal levels after reattachment (G, H) . OPL, outer plexiform layer. Bars, 20 m. gradient of CRALBP immunoreactivity in the Müller cells and PNA labeling of the cone matrix sheaths can be observed from normal to reattached retina, with CRALBP increasing and PNA decreasing. In contrast, CRALBP immunoreactivity in the RPE showed very little change across the entire region.
In agreement with previous results reported in this species 33, 34 IRBP immunoreactivity was observed in the matrix surrounding the photoreceptor cells (Fig. 8A) . In the 1-day detachments, the labeling had markedly dissipated (Fig. 8B) . In the reatttachments, there was an increase in the labeling (Fig.  8C) , but not to the extent found in the control retina.
DISCUSSION
Correlation between Histology and the ERG
Up to this point, there have been few studies specifically examining the relationship between physiological function and morphology of cone photoreceptors in retinal disease. [35] [36] [37] One goal of our study was to establish the relationship between morphologic and functional recovery of cones after retinal reattachment. In the ground squirrel model we found a significant correlation between the number of photoreceptor cells and contrast gains determined from ERG recordings. That correlation was established in two ways: first, by summing the photoreceptor number in the ONL from attached and detached-reattached regions. So measured, the correlation between contrast gain and photoreceptor number was high (Fig. 3B) even though the reattached retinas showed a patchiness in the number of cells in the ONL. Retinal wholemounts have many advantages for quantification of photoreceptor cells, 38 and so we also used them in conjunction with specific cytochemical staining to determine density maps for the remaining OS of individual classes of cones after reattachment. That A, F, N) control, (B, G, O) 1-day detached (1DRD), (C, H, K, P) 1-day detached/7-day reattached (1DRDϩ 7DRA), (D, I, L, Q, S) 1-day detached/35-day reattached (1DRDϩ 35DRA), and (E, J, M, R) 1-day detached/90-day reattached (1DRDϩ 90DRA) retinas. There was a dramatic increase in the intensity of astrocyte labeling with anti-GFAP in sections of reattached retinas viewed en face (C-E) and in radial sections, in which label originated from astrocyte cell bodies and extended through the ONL (H-M). As reattachment time increased, more rod opsin labeling was observed (H-M). The intensity of anti-CRALBP labeling in Müller cells increased in detached retina (O), but decreased after reattachment (P-R), returning to levels more similar to those found in control retinas. PNA labeling of cone sheaths (N) was reduced after detachment (O) but returned after reattachment (P-R). A gradient of anti-CRALBP labeling in the Müller cells (but not RPE) and PNA labeling of cone sheaths is shown in a section (S) that includes normal (i.e., never detached) retina (left), a transition zone between normal and reattached retina (middle), and reattached retina (right). The more distant from the normal end of the section, the less PNA labeling and the more anti-CRALBP labeling were observed, particularly in the end foot and ONL. In a previous experiment with this ground squirrel model we found that the reduction in contrast gain produced by retinal detachment is directly proportional to the number of cones in the detachment zone and that this relationship holds for both the S-and M-cone subtypes. 39 In the present experiment ERG contrast gain was shown to be directly proportional to the number of cones that survived after reattachment, and this held for both S and M cones, as well. In sum, in this model, ERG contrast gain can be used to sensitively index changes in the retina after experimental retinal detachment and reattachment. Note that in each case the recording index correlates with some aspect of the number of photoreceptors. Beyond the mere number of cells, those photoreceptors that survive after reattachment obviously undergo organizational changes including, prominently, a regrowth of the OS. Whereas OS growth in ground squirrel cones continued for at least 3 months after reattachment (Fig. 2B) , the recovery of ERG contrast gain appeared to become asymptotic much sooner, so that ERG contrast gain seemed to show little change beyond the time point when the surviving photoreceptors had still achieved only approximately one third of normal OS length (compare Figs. 2B and 2C ). Because contrast gain could be argued to provide a prediction of contrast sensitivity of the animal, this relationship implies that at least some aspects of functional vision may reach asymptotic levels before the complete regrowth of photoreceptor OS. We caution, however, that this implication is drawn from study of a relatively small number of animals. Further investigation of this relationship is clearly warranted.
S-and M-Cone Comparisons
Previous reports have suggested that S cones are more vulnerable to damage than the other cone types. 7 Nork et al., 9 presented evidence obtained from human detached retinas that S cones are more susceptible to the degenerative effects of detachment than the other two cone types. Recently, Hayashi and Yamamoto 35 showed that after successful anatomic reattachment the M/L-cone ERG increases significantly, but that of the S cones does not improve. These results suggest that there is an enhanced susceptibility of S cones and/or S-cone signaling pathways, and this may explain the tritan color vision defects that are often observed after retinal reattachment. In the present study, however, there were no striking histologic or immunocytochemical differences in the recovery process of OS between M and S cones after reattachment. Neither were there any differences in the ERG measurements to suggest any difference in the viability of S and M cones. Finally, the density maps of S and M cones from the reattached retinal wholemounts showed similar patterns.
Several factors may account for the differences between our results and those in previous studies. First, our procedure for reattachment surgery was not conventional scleral buckling surgery but pneumatic retinopexy. As Hayashi and Yamamoto 35 pointed out, scleral buckling surgery may reduce ocular blood flow and lead to hypoxia in the outer retina, resulting in selective impairment of the S-cone system. Second, in human detachments there may be multiple factors involved, such as trauma, ischemia, and inflammation, and these may irreversibly damage the S cones. Third, it has been suggested that standard color vision tests to detect tritan defects can be prone to artifact and thus the association of retinal detachment with tritan color vision could be overstated. 40 Finally, of course, the regenerative capacity and response properties of S cones may vary in different species. Against this latter possibility, we note that the S-cone system in humans and ground squirrels share many properties, 22 and so the present finding that S cones are not more vulnerable to the effect of the detachment than the M-cones could be more than just a curiosity in this species. In support of that possibility, Rex et al. 41 have recently shown in the feline retina that after 28 days of reattachment the recovery of mRNA labeling is comparable for the M and S cones.
Cone Cell Death
In the present study, the TUNEL assay revealed that some cones are dying at 1 day after detachment and reattachment stops the progress of this event. Although the key factors for cessation of the cell death by reattachment remain unknown, we believe that alleviating the hypoxia of the photoreceptor layer plays an important role because of previous results showing that hyperoxia during a period of detachment, in both squirrel and feline models, reduces cone cell death. 32, 42 Moreover, the preservation of OS, mitochondria and synaptic terminals that occurs with reattachment is also observed after hyperoxia treatment during detachment. 32, 42 Finally, the death of photoreceptors after detachment is largely due to apoptosis 43 and this process is generally considered to be quite rapid. We do not know, however, whether reattachment allows photoreceptors to exit from the apoptotic program once it is initiated or whether it simply stops cells from entering the pathway.
One of the most striking features of the reattached retina in the present study was the gradual reduction in the number of cone photoreceptors and the lengths of cone OS toward those regions that had been highly detached (Fig. 7S ). This appears not to depend on the condition of the RPE (at least with respect to the overall appearance and anti-CRALBP labeling). We have reported that cone cell death is directly related to retinal elevation in ground squirrel retinal detachments. 32 Therefore, the difference we observed along the detached region is probably associated with the extent of cone degeneration that occurs during the period of detachment. Thus, preventing the degeneration during an episode of detachment may be significant in promoting visual recovery after reattachment, even if the duration of the detachment is very short.
Glial Response
Astrocytes and Müller cells have long been known to react to injury of the retina and are presumed to play a key role in the response to injury. In rod-dominated species, both cell types are stimulated to divide after detachment 44, 45 ; however, the Müller cells show a much more dramatic increase in labeling with antibodies to intermediate filaments. In the cone-dominated ground squirrel retina, the Müller cells alter levels of various proteins such as glutamine synthetase (GS) and CRALBP, indicating that they are responding to detachment, but they generally do not upregulate intermediate filament proteins. It appears that the astrocytes have taken over this response in the ground squirrel. Long GFAP-positive processes can be observed originating from astrocyte cell bodies and growing deep into the outer retina. These processes appear most often after reattachment, although they can occasionally occur as a result of detachment. Although the levels of GS and CRALBP in Müller cells appear to return to a more normal distribution after reattachment, GFAP-positive processes can still be observed for months after reattachment, extending the width of the retina. It will be interesting to see whether the differences in reactivity between Müller cells and astrocytes are a unique feature of the ground squirrel retina or whether they are a function of high cone density. The latter would have implications for glial changes in the fovea of humans.
Recovery of the Distribution of Proteins
Liem et al. 10 reported that foveal densitometry shows a slow recovery of the cone photopigments after reattachment. They concluded that the improvement may be attributed to regrowth and realignment of photoreceptor OS and metabolic recovery of the retinal pigment epithelium-photoreceptor complex inferred from an improved time constant of photopigment regeneration. Our results showing that IRBP immunoreactivity and PNA labeling of the cone matrix sheaths, which recovered from the disruption after reattachment, may be consistent with their conclusion by implying a continued longterm improvement of the molecular environment in which the OS function. Similarly, the gradual return to more normal distributions of cytochrome oxidase and synaptophysin in photoreceptors would have implications for the slow return of good vision after reattachment.
